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DIGITAL CONTROLLER FOR A COOLING
AND HEATING PILANT HAVING NEAR-
OPTIMAL GLOBAL SET POINT CONTROL
STRATEGY

The present invention 1s generally related to a digital
controller for use 1n controlling a cooling and heating plant
of a facility, and more particularly related to such a control-
ler which has a near-optimal global set point control strategy
for minimizing energy costs during operation.

BACKGROUND OF THE INVENTION

Cooling plants for large buildings and other facilities
provide air conditioning of the interior space and include
chillers, chilled water pumps, condensers, condenser water
pumps, cooling towers with cooling tower fans, and air
handling fans for distributing the cool air to the interior
space. The drives for the pumps and fans may be variable or
constant speed drives. Heating plants for such facilities
include hot water boilers, hot water pumps, and air handling
fans. The drives for these pumps and fans may also be
variable or constant speed drives.

Global set point optimization 1s defined as the selection of
the proper set points for chilled water supply, hot water
supply, condenser water tlow rate, tower fan air flow rate,
and air handler discharge temperature that result in minimal
total energy consumption of the chillers, boilers, chilled
water pumps, condenser water pumps, hot water pumps, and
air handling fans. Determining these optimal set points holds
the key to substantial energy savings 1n a facility since the
chillers, towers, boilers, pumps, and air handler fans
together can comprise anywhere from 40% to 70% of the
total energy consumption in a facility.

There has been study of the matter of determining optimal
set points 1n the past. For example, 1n the article by Braun
et al. 1989b. “Methodologies for optimal control of chilled
water systems without storage”, ASHRALE Transactions, Vol.
95, Part 1, pp. 652—-62, they have shown that there 1s a strong,

Parameter

PLR

twr,cap

Brwr

where:

[ Pﬂh,des

P twr,des

2

coupling between optimal values of the chilled water and
supply air temperatures; however, the coupling between
optimal values of the chilled water loop and condenser water
loop is not as strong. (This justifies the approach taken in the
> present invention of considering the chilled water loop and
condenser water/cooling tower loops as separate loops and
treating only the chiller, the chilled water pump, and air
handler fan components to determine optimal AT of the

. chilled water and air temperature across the cooling coil.)

It has also been shown that the optimization of the cooling
tower loop can be handled by use of an open-loop control

algorithm (Braun and Diderrich, 1990, “Performance and
control characteristics of a large cooling system.” ASHRAFE
Transactions, Vol. 93, Part 1, pp. 1830-52). They have also
shown that a chance in wet bulb temperature has an insig-
nificant influence on chiller plant power consumption and
that near-optimal control of cooling towers for chilled water
systems can be obtained from an algorithm based upon a
combination of heuristic rules for tower sequencing and an
open-loop control equation. This equation 1s a linear equa-
tion 1n only one variable, 1.e., load, and correlates a near-
optimal tower air flow 1n terms of load (part-load ratio).
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G,,=1-P,.,(PLR ~PLR) 0.25<PLR<1.0

(1)

Iwr,can

where

G, =the tower air flow divided by the maximum air flow

with all cells operating at high speed

PLLR=the chilled water load divided by the total chiller
cooling capacity (part-load ratio)

PLR,,, ..,=value of PLR at which the tower operates at

its capacity (G,,,=)

30

35 B,.,=the slope of the relative tower air flow (G,,,,) versus

the PLLR function.

Estimates of these parameters may be obtained using
design data and relationships presented 1n Table 1 below:

TABLE 1

Parameter Estimates for Eqn. 1

Variable-Speed

Single-Speed Fans Two-Speed Fans Fans
PLR, V72 -PLR, V3 -PLR,
1 2 1
PLRrwr,t:ap 3- PLRrwr,cap 2 PLRMr,ﬂap
1
PIR, (1)

P ch,des

‘3 (ﬂtwr,dc,s + F W.P‘,df.i)
[J[ Prwr,dfs ] T

] = the ratio of the chiller powerto coolingtower fan power at design conditions
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TABLE 1-continued

Parameter Estimates for Eqn. 1

Parameter Single-Speed Fans Two-Speed Fans

(changein chiller power)

Variable-Speed

Fans

S = Sensitivity =

(changein condenserwatertemperature) X (chillerpower)

(Arwr,des T Irwr.des) = the sum of the tower approach and range at design conditions

Once a near-optimal tower air flow 1s determined, Braun
et al., 1987, “Performance and control characteristics of a
large cooling system.” ASHRALE Transactions, Vol. 93, Part
1, pp. 1830-52 have shown that for a tower with an
ciiectiveness near unity, the optimal condenser flow 1is
determined when the thermal capacities of the air and water
are equal.

Cooling tower effectiveness 1s defined as:

_ Qr.-::wer
Min(Qﬂ,IﬂﬂKﬁ Qw,ma;;)

£

where
e=cifectiveness of cooling tower

Qﬂ?mﬂ;’ﬂ:mﬂ?MF(hS:,CWF_hS:,L-) , SIgMa CHNCIZY, hs:,_=h.c1£r:,_
prwa

—-(1)

=M., C (Tcwr_wa) (2)

QW,H’IEI CHo WS

m =tower air flow rate

a. fwr

m_ =condenser water flow rate
T =condenser water return temperature

C

T ,=ambient air wet bulb temperature

A DDC controller can calculate the effectiveness, €, of the
cooling tower, and if it is between 0.9 and 1.0 (Braun et al.
1987), m,,, can be calculated from equating Q,,,,. and
Q. e ODCe M 18 determined from Eqn. 1. Near-optimal
operation of the condenser water flow and the cooling tower
air flow can be obtained when variable speed drives are used
for both the condenser water pumps and cooling tower fans.

Braun et al. (1989a. “Applications of optimal control to
chilled water systems without storage.” ASHRAFE
Transactions, Vol. 95, Part 1, pp. 663—75; 1989b. “Method-
ologies for optimal control of chilled water systems without
storage”, ASHRAFE Transactions, Vol. 95, Part 1, pp. 652-62;
1987, “Performance and control characteristics of a large
cooling system.” ASHRAE Transactions, Vol. 93, Part 1, pp.
1830-52.) have done a number of pioneering studies on
optimal and near-optimal control of chilled water systems.
These studies involve application of two basic methodolo-
oles for determining optimal values of the independent
control variables that minimize the instantaneous cost of
chiller plant operation. These independent control variables
are: 1) supply air set point temperature, 2) chilled water set
point temperature, 3) relative tower air flow (ratio of the
actual tower air flow to the design air flow), 4) relative
condenser water flow (ratio of the actual condenser water
flow to the design condenser water flow), and 5) the number
of operating chillers.

One methodology uses component-based models of the
power consumption of the chiller, cooling tower, condenser

and chilled water pumps, and air handler fans. However,
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applying this method 1n its full generality 1s mathematically
complex because 1t requires simultaneous solution of dif-
ferential equations. In addition, this method requires mea-
surements of power and input variables, such as load and

ambient dry bulb and wet bulb temperatures, at each step 1n
time. The capability of solving simultaneous differential
equations 1s lacking 1n today’s DDC controllers. Therefore,
implementing this methodology in an energy management
system 1s not practical.

Braun et al. (1987, 1989a, 1989b) also present an
alternative, and somewhat simpler methodology for near-
optimal control that involves correlating the overall system
power consumption with a single function. This method
allows a rapid determination of optimal control variables
and requires measurements of only total power over a range
of conditions. However, this methodology still requires the
simultaneous solution of differential equations and therefore
cannot practically be implemented 1n a DDC controller.

Optimal air-side and water-side control set points were
identified by Hackner et al. (1985, “System Dynamics and
Energy Use.” ASHRAE Journal, June.) for a specific plant
through the use of performance maps. These maps were
generated by many simulations of the plant over the range of
expected operating conditions. However, this procedure
lacks generality and 1s not easily implemented mn a DDC
controller.

Braun et al. (1987) has suggested the use of a bi-quadratic
equation to model chiller performance of the form:

P ch
P des

(3)

=a+bx+cx*+dy+eyt + fry

where “X” 1s the ratio of the load to a design load, “y” 1s the
leaving condenser water temperature minus the leaving
chilled water temperature, divided by a design value, P_, 1s
the actual chiller power consumption, and P, _ is the chiller
power assoclated with the design conditions. The empirical
coefficients of the above equation (a, b, ¢, d, e, f) are
determined with linear least-squares curve-fitting applied to
measured or modeled performance data. This model can be
applied to both variable speed and constant speed chillers.

Kaya et al. (1983, “Chiller optimization by distributed
control to save energy”, Proceedings of the instrument
Society of America Conference, Houston, Tex.) has used a
component-based approach for modeling the power con-
sumption of the chiller and chilled water pump under
stecady-state load conditions. In his paper, the chiller com-
ponent power 1s approximated to be a linear function of the
chilled water differential temperature, and chilled water
pump component power to be proportional to the cube of the
reciprocal of the chilled water differential temperature for
cach steady-state load condition.
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PTDI (ATchw) — Pﬂﬂ?ﬂp (ATchw) + Ppﬂmp (&Tﬂhw) (4)

1 3
— Kﬂﬂmp - AT oy + Kpump ' (AT . ]

where
P.. =the total power consumption
P___ _=the power consumption of the chiller’s compressor

COMP

P, .,=the power consumption of the chilled water pump

AT , =the supply/return chilled water temperature

Keomp Kmp=constants, dependent on load

While the above described work allows the calculation of
the optimal AT _, , it lacks generality since the power
consumption of the air handler fans 1s not considered in the
analysis.

Accordingly, 1t 1s a primary object of the present invention
to provide an improved digital controller for a cooling and
heating plant that easily and effectively implements a near-
optimal global set point control strategy.

A related object 1s to provide such an improved controller
which enables a heating and/or cooling plant to be efficiently
operated and thereby minimizes the energy costs involved 1n
such operation.

Yet another object of the present invention 1s to provide
such a controller that 1s adapted to provide approximate
instantaneous cost savings information for a cooling or
heating plant compared to a baseline operation.

A related object 1s to provide such a controller which
provides accumulated cost savings information.

These and other objects of the present invention will
become apparent upon reading the following detailed
description while referring to the attached drawings.

DESCRIPTTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of a generic cooling plant
consisting of equipment that includes a chiller, a chilled
water pump, a condenser water pump, a cooling tower, a
cooling tower fan and an air handling fan.

FIG. 2 1s a schematic diagram of another generic cooling
plant having primary-secondary chilled water loops, mul-
tiple chillers, multiple chilled water pumps and multiple air
handling fans.

FIG. 3 1s a schematic diagram of a generic heating plant
consisting of equipment that includes a hot water boiler, a
hot water pump and an air handling fan.

DETAILED DESCRIPTION

Broadly stated, the present invention 1s directed to a DDC
controller for controlling such heating and cooling plants
that 1s adapted to quickly and easily determine set points that
are near-optimal, rather than optimal, because neither the
condenser water pump power nor the cooling tower fan
power are Integrated 1nto the determination of the set points.

The controller uses a strategy that can be easily imple-
mented 1n a DDC controller to calculate near-optimal chilled
water, hot water, and central air handler discharge air set
points 1n order to minimize cooling and heating plant energy
consumption. The component models for the chiller, hot
water boiler, chilled water and hot water pumps and air

handler fans power consumption have been derived from
well known heat transfer and fluid mechanics relations.

The present mnvention also uses a strategy that 1s similar
to that used by Kaya et al. for determining the power
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6

consumed by the air handler fans as well as the chiller and
chilled water pumps. First, the simplified linear chiller
component model of Kaya et al. 1s used for the chilled water
pump and air handler component models, then a more
general bi-quadratic chiller model of Braun (1987) is used
for the chilled water pump and air handler component
models. In both of these cooling plant models, the total
power consumpftion in the plant can be represented as a
function of only one variable, which 1s the chilled water
supply/return differential temperature AT , . This greatly
simplifies the mathematics and enables quick computation
of optimal chilled water and supply air set points by the
DDC controller embodying the present invention. In
addition, a similar set of models and computations are used
for the components of a typical heating plant—mnamely, hot

water boilers, hot water pumps, and central air handler fans.

Turning to the drawings and particularly FIG. 1, a generic
cooling plant 1s illustrated and 1s the type of plant that the
digital controller of the present invention can operate. The
drawing shows a single chiller, but could and often does
have multiple chillers. The plant operates by pumping
chilled water returning from the building, which would be a
cooling coil in the air handler duct, and pumping it through
the evaporator of the chiller. The evaporator cools the chilled
water down to approximately 40 to 45 degrees F and 1t then
1s pumped back up through the cooling coil to further cool
the air. The outside air and the return air are mixed in the
mixed air duct and that air 1s then cooled by the cooling coil
and discharged by the fan into the building space.

In the condenser water loop, the cooling tower serves to
cool the hot water leaving the condenser to a cooler tem-
perature so that it can condense the refrigerant gas that 1s
pumped by the compresser from the evaporator to the
condenser 1n the refrigerant loop. With respect to the refrig-
eration loop comprising the compressor, evaporator and the
condenser, the compressor compresses the refrigerant gas
into a high temperature, high pressure state 1n the condenser,
which 1s nothing more than a shell and tube heat exchanger.
On the shell side of the condenser, there 1s hot refrigerant
cgas, and on the tube side, there 1s cool cooling tower water.
In operation, when the cool tubes 1n the condenser are
touched by the hot refrigerant gas, 1t condenses into a liquid
which gathers at the bottom of the condenser and 1s forced
through an expansion valve which causes its temperature
and pressure to drop and be vaporized 1nto a cold gaseous
state. So the tubes are surrounded by cold refrigerant gas in
the evaporator, which 1s also a shell and tube heat exchanger,
with cold refrigerant gas on the shell side and returned
chilled water on the tube side. So the chilled water coming
back from the building 1s cooled. The approximate tempera-
ture drop between supply and returned chilled water 1s about
10 to 12 degrees F. at full load conditions.

The present invention 1s directed to a controller that
controls the cooling a plant to optimize the supply chilled
water going to the coil and the discharge air temperature off
the coil, considering the chilled water pump energy, the
chiller energy and the fan energy. The controller is trying to
determine the discharge air set point and the chilled water set
point such that the load 1s satisfied at the minimum power
consumption.

The controller utilizes a classical calculus technique,
where the chiller power, chilled water pump power and air
handler power are modeled as functions of the AT ,  and
summed in a polynomial function (the total power), then the
first derivative of the functional relationship of the total
power 1s set to zero and the equation is solved for AT _,

which 1s the optimum AT, .




3,963,458

7

The schematic diagram of FIG. 2 1s another typical chiller
plant which includes multiple chillers, multiple chilled water
pumps, multiple air handler fans and multiple air handler

colls. The present invention 1s applicable to controlling
plants of the type shown in FIGS. 1, 2 or 3.

In accordance with an important aspect of the present
invention, the controller utilizes a strategy that applies to
both cooling and heating plants, and 1s implemented 1n a
manner which utilizes several valid assumptions. A first
assumption 1s that load 1s at a steady-state condition at the
fime of optimal chilled water, hot water and coil discharge
air temperature calculation. Under this assumption, from
basic heat transfer equations:

BTU/H=500xGPMxAT _;,,, —constant

BTU/H=4.5xCFMxAh,_; =constant (4)

It 1s evident that if flow 1s varied, the AT ,  or the Ah .
must vary proportionately 1n order to keep the load fixed.
This assumption 1s justified because time constants for
chilled water, hot water, and space air temperature change
control loops are on the order of 20 minutes or less, and
facilities can usually hold at approximate steady-state con-
ditions for 15 or 20 minutes at a time.

A second assumption 1s that the AT_,  and the Ah . are
assumed to be constant at the time of optimal chilled water,
hot water, and coil discharge air temperature calculation due
to the local loop controls (the first assumption combined
with the sixth assumption). Therefore, this implies that the
GPM of the chilled water through the cooling coil and the
CEFM of the air across the cooling coil must also be constant
at the time of optimal set point calculations.

A third assumption 1s that the specific heats of the water
and air remain essentially constant for any load condition.
This assumption 1s justified because the specific heats of the
chilled water, hot water, and the air at the heat exchanger are
only a weak function of temperature and the temperature
change of either the water or air through the heat exchanger
is relatively small (on the order 5-15° F. for chilled water
temperature change and 20—40° F. for hot water or air
temperature change).

A fourth assumption 1s that convection heat transfer
coellicients are constant throughout the heat exchanger. This
assumption 1s more serious than the third assumption
because of entrance effects, fluid viscosity, and thermal
conductivity changes. However, because water and air flow
rates are essentially constant at steady-state load conditions,
and fluid viscosity of the air and thermal conductivity and
viscosity of the air and water vary only slightly in the
temperature range considered, this assumption 1s also valid.

A fifth assumption 1s that the chilled water systems for
which the following results apply do not have significant
thermal storage characteristics. That 1s, the strategy does not
apply for buildings that are thermally massive or contain
chilled water or 1ce storage tanks that would shift loads 1n
fime.

A sixth assumption 1s that 1in addition to the independent
optimization control variables, there are also local loop
controls associated with the chillers, air handlers, and chilled
water pumps. The chiller 1s considered to be controlled such
that the specified chilled water set point temperature 1is
maintained. The air handler local loop control involves
control of both the coil water flow and fan air flow 1n order
fo maintain a given supply air set point and fan static
pressure set point. Modulation of a variable speed primary
chilled water pump 1s implemented through a local loop
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3

control to maintain a constant differential temperature across
the evaporator. All local loop controls are assumed ideal,
such that their dynamics can be neglected.

In accordance with an important aspect of the present
invention, and referring to FIG. 1, the controller strategy
involves the modeling of the cooling plant, and involves
simple component models of cooling plant power consump-
fion as a function of a single variable. The individual
component models for the chiller, the chilled water pump,
and the air handler fan are then summed to get the total
instantaneous power consumed 1n the chiller plant.

(5)

PTUI=Pcump+PCHW pump_l_PAHU far

For the analysis which follows, we assume that the chiller,
chilled water pump, and the air handler fan are variable
speed devices. However, this assumption 1s not overly
restrictive, since 1t will be shown that the analysis also
applies to constant speed chillers, constant speed chilled
water pumps with two-way chilled water valves, and con-
stant speed, constant volume air handler fans without air
bypass.

There are two distinct chiller models that can be used, one
being a linear model and the other a bi-quadratic model.
With respect to the linear model, Kaya et al. (1983) have
shown that a first approximation for the chiller component of
the total power under a steady-state load condition 1s:

P =K1.&Tref=K2.‘&Tchw (7)

The derivation of the first half of Eqn. 7 1s shown 1n the
attached Appendix A. The second half of Egn. 7 holds
because as the chilled water supply temperature 1s increased

for a given chilled water return temperature, AT _,  1s
decreased 1n the same proportion as AT, .

With respect to the bi-quadratic model, an improvement
of the linear chiller model is given by Braun et al. (1987).
However, Braun’s chiller model can be further improved
when the bi-quadratic model 1s expressed 1n its most general
form:

Pt:h

Pdfs

(8)

(Ag + A1y + A2y )+ (Bo + By + Boy )x + (Co + C1y + Cp y*)x*

where the empirical coefficients of the above equation (A,,
A, A, B, B,, B,, C,, C,, C,) are determined with linear
least-squares curve-fitting applied to measured performance
data.

With respect to the chilled water pump model, the rela-

tionship of the chilled water pump power as a function of
AT _,  as:

()

1 2
P 1 = Ks -
Py > (ATﬂhw]

where K. 1s a constant. The derivation of this relationship 1s
shown 1n the attached Appendix B.

With respect to the air handler model, the relationship of
the chilled water pump power as a function of AT . has been
derived 1n attached Appendix C as:
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1 (10)
1 3 (11)
Pﬁ]ﬂ:Kfaﬂ.((&F' ]

™

erence across the coil.

temperature di

In accordance with an important aspect of the present
invention, the optimal chilled water/supply air delta T cal-
culation can be made using a linear chiller model. The above
relationships enable the total power to be expressed solely in
terms of a function with variables AT _, and AT* ., with
AT . as follows:

ALF?

PT::.-I (ATchw-,- AT&EF) — Pﬂﬂ?ﬂp (&Tchw) + Ppump (ATchw) + Pﬁm (AT* )

i

(12)

1 1 3
= Keom '&Tﬂw'l'Kum ' + K -
p T ce T Ty (ATE;W] * [M*-]

i

for a wet surface cooling coil or

PTDI (ATﬂhWE AT{II'F) — Pﬂﬂmp (ATﬂhw) + Ppﬂmp (ATﬂhw) + Pﬁm (ATGEI") (12 El)

1 3
— Kc.-::mp ' ATchw + Kpﬂmp ' [AT . ]

for a dry surface cooling coil

From Eqns. C-3 and C-3 a i Appendix C, since we are
assuming steady-state load conditions, the air flow rate and
chilled water flow rate are at steady-state (constant) values
(the second assumption) and we can relate the AT* ,, for the
wet coll and the AT . for the dry coil as follows:

Kg -CFM -AT”. =c¢ "I p 'ﬁTﬂhw

diF

(13)

= AT,

iy

= K5 - AT, ftor the wet coil

ar

Kz -CFM -AT_;, = ¢ -mgp, - AT 1., (13a)

> AT, = K5 -AT_,,, for the dry coil

Therefore, both AT* . and AT, . are proportional to
AT _,  and either of Eqns. 12 and 12a can be written:

]3 (14)

1 Y |
PT::-'I (ATchw) — Kﬂﬂmp ] &Tﬂhw + Kpnmp ] (ﬁT ] + ‘R;T‘L’_;‘"-::WJr (ﬁ.T
chw chw

for either a wet or dry surface cooling coil

By definition from differential calculus, a maximum or
minmimum of the total power curve, P, ., occurs at a AT _,

=AT,_,,, ., When its first derivative is equal to zero:
d (Pr,;) ) | ) s
d (&T hr ) — ch:mp — BKPHF?TP (ATﬂhWDpI) 4 - SKﬁIH (ATﬂhWDpr) 4 — 0

or equivalently:

Kﬂﬂmp (ATﬂhW opt )4 - 3K

pump = 3Ky = 0

10

15

20

25

30

35

40

45

50

55

60

65

10

-continued

B(Kpump
ATﬂhWﬂpI — J

K comp

+ K%)

To determine the optimum delta T of the air across the
cooling coil, either Eqn. 13 or 13a must be used. If it 1s
assumed to be a wet cooling coil, then:

AT,

airopt CMepw (158.)
AT, [1.08+4.50.450)] x CFM
C - Mehw
Aﬁirﬂpr — ATchw { - }
11.08 + 4.5(0.4500)] x CFM
300- GPM
— ATﬂhw ] { }

[1.08 + 4.5(0.45w)] X CFM

where ¢ 1s the specific heat of water, ®w 1s the specific
humidity of the incoming air stream, and the mass flow rate
m_, . of chilled water has been replaced by the equivalent
volumetric flow rate 1n GPM, multiplied by a conversion
factor (500). Assuming that the chilled water valves in the
cooling plant have been selected as equal percentage (which
is the common design practice), we can calculate the GPM
in Eqn. 15a directly from the control valve signal if we know
the valve’s authority (the ratio of the pressure drop across
the valve when 1t 1s controlling to the pressure drop across
the valve at full open position). The valve’s authority can be
determined from the valve manufacturer. The 1996 ASHRAFE
Systems and Equipment Handbook provides a functional
relationship between percent flow rate of water through the
valve versus the percent valve lift, so that the water flow
through the valve can be calculated as:

GPM = (Max tlow) X f (% value lift)
= (Max tlow) X f (% full span of control signal)

(15b)

where 1 15 a nonlinear function defining the valve flow
characteristic. Since the CFM and the humidity of the air
stream can be either measured directly or calculated by the
DDC system, we can calculate AT once AT, .., 18
known by the following procedure:

1. Calculate the GPM from Eqn. (15b).

2. Measure or calculate the CFM of the air across the
cooling coil. CEM can be calculated from measured
static pressure across the fan and manufacturer’s fan
Curves.

3. Calculate the actual AT _, & across each cooling coil
from the optimum chilled water supply temperature and

known chilled water return temperature:

atr opt

[1.08 +4.5(0.45w)| - CFM = 500-GPM - (T epr — Temwsopt) (15¢)

[1.08 + 4.5(0.45w)| - CFM
= ATﬂhW — .
500- GPM

where (L etor — T chws Dpl‘) — ATﬂhw

4. Calculate AT* once the actual AT _,  1s known:

air opt

AT, (15d)

air opt

300-GPM
}

— AT{: W
" { [1.08 + 4.5(0.45w)] x CFM

5. Finally, calculate the actual discharge air set point
based on the known (measured) cooling coil inlet
temperature:
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atr opt

T$ﬂpf cc disch =T$cc in!efﬁTﬂ: (156)

To determine whether the AT, ., calculated in Eqn. 15
corresponds to a maximum or minimum total power, we take
the second dertvative of P . with respect to AT ,

d* (Pror) (16)

d (ATﬂhw)z

(_3) ] (_4) ] Kpﬂ?ﬂp (ATchw.ﬂpr)_S + (_3) ] (_4) ] K;gﬂ (ATchw.ﬂpr)_S

Since Eqgn. 16 must always be positive, the function
P, (AT) must be concave upward and we see the calculated
AT 4, op: 1N Eqn. 15 occurs at the mmimum of P,

Note that for a wet surface cooling coil, the AT ; across
the coil 1s really the wet bulb AT . =AT* . . Thus, in the case
for a wet surface cooling coil, a dew point sensor as well as
a dry bulb temperature sensor would be required to calculate
the 1nlet wet bulb temperature. The cooling coil discharge
requires only a dry bulb temperature sensor, however, since

we are assuming saturated conditions.

735 ah

For a given measured AT _, and a given load at steady-
state conditions, K__,. ., K .., and K. can casily be cal-
culated in a DDC controller from a single measurement of
the compressor power, chilled water pump power and the air
handler fan power, respectively, since we know the func-
tional forms of P, (AT_.,), P,..(AT,,), and P,
(AT_,,), respectively. Once the optimum chilled water delta
T has been found, the optimum air side delta T across the
cooling coil can be calculated from a calculated value of the
GPM of the chilled water, the known valve authority, and

measured (or calculated) value of the fan CFM.

To 1mplement the strategy 1mn a DDC confroller, the
following steps are carried out for calculating the optimum
chilled water and cooling coil air-side AT: 1. For each
steady-state load condition:

a) determine K, from a single measurement of the

pump power and the AT _, -
K

fAump

=P

frern

x(AT_, )’ (17)

b) determine K., from a single measurement of the fan
power and the AT _, -

Kfan =Pﬁ1nx(£Tchw)3 (1 8)

¢) determine K_,, , from a single measurement of the
chiller power and the AT _, = at steady-state load con-

ditions:

(19)

P comp
ATE‘hW

Kﬂﬂ?ﬂp —

2. Calculate the optimum AT for the chilled water in the
PPCL program from the following formula:

(20)

3Ky + Kian
ATﬂhWﬂpr:# ( it * )

Kﬂﬂmp

3. Calculate the optimum chilled water supply set point from
the following formulas: For a primary-only chilled water
system:
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ATL‘hW opt — Tchwr - Tchws (21)

= Tchws opt — Tchwr - ATﬂhw opt
and

ATHEFC’FI‘ — chin.‘fe:‘ - Tﬂcdischargf

= Tﬂﬂdf.ﬂﬂhﬂf‘gt’ — Lecinlet — &T{Iff’ﬂpf

For a primary-secondary chilled water system the optimum
secondary chilled water temperature from the optimum
primary and optimum secondary chilled water differential
temperatures can be calculated by making use of the fact that
the calculated load in the primary loop must equal the
calculated load 1n the secondary chilled water loop:

A'Ts.mi:-:: chw opt X Sﬂﬂw — ATﬂhW,GpI‘ X Pﬂﬂw (213)

pflow
sflow

= AT chwopt — ATﬂhwopr X ( ] = (Lsec ciwr — Tsec chwsapr)

pflow ]

Tsm: chws opt — Tsc-:: chwr — &Tﬂhw opt X[
sflow

where:
pllow=Primary chilled wafer loop flow

stlow=Secondary chilled water loop tlow
4. Calculate the optimum AT of the air across the cooling
coil 1n the DDC control program from the following for-
mula:

500- GPM }
[1.08 + 4.5(0.45w)] x CFM

AT

aiy opt

= ATep - {

5. Calculate the optimum cooling coil discharge air tem-
perature (dry bulb or wet bulb) from the known (measured)
cooling coil inlet temperature (dry bulb or wet bulb).

H — — #H
T opE cC ci.isch_T cc inlel AT @ir opi
Or
Tﬂpf cc disch =TCC .iﬂ!ﬁ'i.‘_&Ta.ir opt

6. After the load has assumed a new steady-state value,
repeat steps 1-5.

In accordance with another important aspect of the
present invention, the optimal chilled water/supply air delta
T calculation can be made using a bi-quadratic chiller
model. If the chiller 1s modeled by the more accurate
bi-quadratic model of Eqgn. 8, the expression for the total
power becomes:

PTDI (AT{JHW) — Pmmp (ATﬂhW) + Ppump (&Tchw) + Pﬁm (ATﬂhW) — (22)

Pos[(Ag + A1y + Ary) + (Bo + By +Bry )x +

1 33 1 32
Co+Ciy+Coyv*1+K,,, [—] K’ ( ]
( 0 1Y 2V ) ] pump AT{:hW fan ﬁTﬂhw

for a wet surface cooling coil
As 1n the analysis for the linear chiller model, the expres-

sions for a dry surface cooling coil are completely analogous
as those for a wet coil. Therefore, only the expressions for

a wet surface cooling coil will be presented here.
When the first derivative of Eqn. 22 1s taken and equated

to zero, then:
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d (Pror)
d (&Tchw)

X (23)
— Pdes[(BD +Bly +BZy )+

(sec CHW flow)
24+ (chiller design tons)

z(cﬂ + ICl y+ CZyz)ATﬂhwopr] ] [

BKpump (ATﬂhW opt )_4 - ?’Kﬁ;rn (&Tchw opt )_4 =0

or equivalently:

(sec CHW flow)
24 - (chiller design tons)

Pdfs ] ] [Q(CD + Cl y+ CZyZ)ATchwc:prS +

(BD + Bl y+ Bzyz)ATﬂhw0p1‘4] - 3K

pump BKﬁm =0

Eqgn. 23 1s a fifth order polynomial, for which the roots
must be found by means of a numerical method. Descartes’
polynomial rule states that the number of positive roots 1s
equal to the number of sign changes of the coeflicients or 1s
less than this number by an even integer. It can be shown that
the coellicients B, and C, in Eqn. 23 are both negative, all
other coeflicients are positive, and since K, and K.
must also be positive, Eqn. 23 has three sign changes.
Theretore, there will be either three positive real roots or one
positive real root of the equation. The first real root can be
found by means of the Newton-Raphson Method and 1t can
be shown that this 1s the only real root. The Newton-
Raphson Method requires a first approximation to the solu-
tion of Eqn. 23. This approximation can be calculated from
Eqn. 20, the results of using a linear chiller model. The

Newton-Raphson Method and Eqn. 20 can easily be pro-

crammed 1nto a DDC controller, so a root can be found to
Eqgn. 23.

While the foregoing has related to a cooling plant, the
present 1nvention 1s also applicable to a heating plant such
as 1s shown m FIG. 3, which shows the equipment being
modeled 1n the heating plant. The model for the hot water
pump and the air handler fan blowing across a heating coil
1s completely analogous to that for the cooling plant. The
model for a hot water boiler can easily be derived from the
basic definition of its efficiency:

g, ~C- AT;IW (24)

Hboiler =
Proiler

where ¢ = specific heat of the hot water

Mg, " C- AThw

Pbﬂi!fr —

Hboiler

The hot water pump and air handler model derivations are
completely analogous to the results derived for the chilled
water pump and air handler fan, Eqns. 9 and 10, respec-
fively:

1 (23)
. . ( 1 ]3 (26)
Jan — ™ fan ATGEF

™

‘erence across the hot water

where AT . 1s temperature di

The optimum hot water AT 1s completely analogous to the
results derived for the linear chiller model, Egn. 15:
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(27)

S(K w pump T K -:m)
AThw opt — \/ " ;: - d
boiler

Therefore the optimum AT . across the heating coil can
be calculated once AT,  is determined from:

(27-2)

500- GPM
}

ATGEI“C’PT — AThW { 1.08x% CFM

The following are observations that can be made about the
modeling techniques for the power components 1n a cooling
and heating plant, as implemented in a DDC controller:

1. The “K” constants used 1n the modeling equations can be
described as “characterization factors” that must be deter-
mined from measured power and AT _,  of each chiller,
boiler, chilled and hot water pump and air handler fan at
cach steady-state load level. Determining these constants
characterizes the power consumption curves of the equip-
ment for each load level. The “K” characterization factors
for the linear chiller model, the hot water boiler, the chilled
and hot water pump, and air handler fan can easily be
determined from only a single measurement of power con-
sumed by that component and the AT of the chilled or hot
water across that component at a given load level.

2. For each power consuming component of the cooling or
heating plant, the efficiency of that component varies with
the load. This 1s why 1t 1s necessary to recalculate the “K”
characterization factors of the pumps and AHU fans and the
A, B, and C coefhicients of the chillers for each load level.
3. The use of constant speed or variable speed chillers,
chilled water pumps, or air handler fans does not affect the
general formula for AT, ., in Eqn. 15 or the solution of
Eqn. 23. For example, if constant speed chilled water pumps
with three-way chilled valves are used, the power compo-
nent of the chilled water pump remains constant at any load

level, and AT in Eqn. 15 simplifies to:

chw opt

BKHm +Kan SK-:m
ATﬂhWﬂpI‘:J ( i ! ) :i/ 4

Kﬂomp Kﬂﬂmp

(28)

4. To determine the characterization factors for multiple
chillers, chilled water pumps, and air handler fans, Appen-
dices A, B, and C show that 1t 1s sufficient to determine the
characterization factors for each piece of equipment from
measured values of the power and AT, across each piece
of equipment, and then sum the characterization factors for
cach piece of equipment to obtain the total power. For
example, for a facility that has n chillers, m chilled water
pumps, and o air handler fans currently on-line, the DDC
controller must calculate:

(29)

n m O
Pro = ZPﬂﬂmp +ZPPHFHP +2Pfan
n=1 m o=1

=1

— ATﬂhW ] Z (Kﬂﬂmp,l + Kﬂomp,Z + ...t Kcomp,n) +

1 3\3
(ﬁTﬂhw] Z (Kpump 1l + Kpymp2 + oo+ Kpyup ) +

1 3
(ﬁTh ] 'Z(Kfan,l +Kﬁm,2 +... .+ Kﬁm,o)

where AT , =K-AT _. for optimal operation
5. To determine when steady-state load conditions exist,
cooling and heating load can be measured either in the
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mechanical room of the cooling or heating plant (from
water-side flow and AT i

., or AT, )orout in the space (from
CEFM of the fan or position of the chilled water or hot water
valve). However, it is recommended that load be measured
in the space because this will tend to minimize the transient
ciiect due to the “flush time” of the chilled water through the
system. Chilled water flush time 1s typically on the order of
15-20 minutes (Hackner et al. 1985). That is, by measuring
load 1n the space, an optimal AT can be calculated that 1s
more appropriate for the actual load rather than the load that
existed 15 or 20 minutes previously, as would be calculated
at the central plant mechanical room.

From the foregoing, it should be understood that an
improved DDC controller for heating and/or cooling plants
has been shown and described which has many advantages
and desirable attributes. The controller 1s able to implement
a control strategy that provides near-optimal global set
points for a heating and/or cooling plant The controller 1s
capable of providing set points that can provide substantial
energy savings in the operation of a heating and cooling
plant.

While various embodiments of the present invention have
been shown and described, 1t should be understood that other
modifications, substitutions and alternatives are apparent to
one of ordinary skill in the art. Such modifications, substi-
tutions and alternatives can be made without departing from
the spirit and scope of the invention which should be
determined from the appended claims.

Various features of the invention are set forth in the
appended claims.

APPENDIX A
Derivation of the Chiller Component of the Total Power

(Linear Model)
Generic Derivation

For a generic chiller plant such as that shown 1n FIG. 1,
Kaya et al. (1983) has shown that a first approximation for
the chiller component of the total power can be derived by
the following analysis. By definition, the efficiency of a
refrigeration system can be written as:

Qe

P comp

(A-1)

= =1e " Hc

where Q_ 1s the heat rejection 1n the condenser, 1 lie 1s the
cquipment efficiency, and m.. 1s the Carnot cycle efficiency.
However, the Carnot cycle efficiency can be expressed as:

T, T,

_ (A-2)
T.—T, AT,

e =

=the temperature of the refrigerant 1in the evaporator

=the temperature of the refrigerant in the condenser

C{E)mbining Eqns. A-1 and A-2,

% _ Qt: ] ATI“Ef
] He - TE

(A-3)

P comp —

— Kl ] ATf’Ef

Since AT, .1s directly proportional to AT _,,,,, we can re-write

Egn. A-3 as:

chn?

P =K AT,

COm

(A-4)

Derivation For A Typical HVAC System
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A typical HVAC system as shown 1n FIG. 2 consists of
multiple chillers, chilled water pumps, and air handler fans.
If we easily derive the power consumption of the three
chillers 1n FIG. 2 from the basic results of the generic plant
derivation. For each of the three chillers in FIG. 2, we can
write:

Pcﬂmp,T — Pﬂﬂmp,l + Pcomp,? + P-::r::mpj (A_5)

3
— Pﬂﬂmﬁ',n — Heomp,l ° ATﬂhW,l + chmp,Z .
n=1

ATﬂhw,Z + Kﬂﬂ?ﬂp,3 ] ATﬂhwﬁ

Knowing that the chilled water AT’s across each chiller must
be identical for optimal operation (minimum power
consumption), we can simplify Eqn. A-5 as:

Pﬂﬂ?ﬂp,T — Pﬂﬂ?ﬂp,ﬂ — ATﬂhW(Kﬂﬂmp,l + Kﬂﬂfﬂp,Z + Kﬂﬂ?ﬂp,?))

H

: (A-6)
=1

APPENDIX B

Derivation of the Chilled Water Pump Component of the
Total Power
Generic Derivation

For a generic chiller plant such as that shown 1n FIG. 1,
Kaya et al. (1983) has derived the chilled water pump power
component as follows. Pump power consumption can be
expressed as:

P_...=gmh

frern 2

(B-1)

where
og=the gravitational constant
m=the mass flow rate of the pump

h=the pressure head of the pump
Since the mass flow rate of water 1s equal to the volu-
metric flow rate times the density, we have:

m=0p (B-2)

where
Q=the volumetric flow rate of the pump

p=the density of water
However, the volumetric flow rate of the pump can also
be written as:

Q=KpVh (B-3)

Since the density of water, for all practical purposes, 1s
constant for the temperature range experience in chilled
water systems (5°—15° F.), we can write:

m=FK,\h (B-4)
Combining Eqgns. B-1 and B-4, we have:

P ump=Kagm’ (B-5)
For the heat transfer in the evaporator, we can write:

Q~Conn ™AL, (B-6)
where ¢ _,  1s the specific heat of water (constant). Solving

Eqn. B-6 for m, we have:
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Qe

Cohw &Tﬂhw

(B-7)

m =

Because m 1in Eqn. B-7 1s the same mass flow as in Eqn. B-5,
we can substitute Eqn. B-7 into B-5. When this 1s done, we
have:

where K, 1s a constant which includes K, and g. Note that
under a steady-state assumption, Q_ must be a constant.
Therefore,

(B-9)

1 3
P umnmp — Ks -
P > ( ATchw ]

where K. 1s a constant which includes K,, Q_, and C_, .
Derivation For A Typical HVAC System

For the typical HVAC system as shown in FIG. 2, we can
derive the power consumption for the chilled water pumps
as follows:

P

Piema, i piemp. 1

Mgy

+F " +F - +F

pump,4=8 (myhy+moyhotimshat

(B-10)

w2 w3

Using the relationships developed above for the generic
case, we can write the following equations for this system:

mp =Q1d Q) =

KidVh =>m =KdVh =K'Vh

(B-11)
QEE

Cohw ™ ﬁ‘Tt:m-lf,l

my =Qhd (r =

Kod Vil =ms = Kd* Vi =K' Vin Qe

Cohw ATﬂhw,Z

ms3 =Qzd (3 =

Ked VT = ms = Ked™ Ty = Koy = — 29

Cohw ™ &Tﬂhw,ﬁﬁ

my = Q4d Q= KydVhy =>my=Kd*Vhy =K/'Vhy

Substituting the results of Eqn. B-11 into Eqn. B-10, we
obtain:

P (+P

fHEFRf2, FHIR,
i 3
K,"m,

+P

IR,

3+

_ ' 3 ' 3 " 3

(B-12)

The mass tlow rate of the secondary chilled water, m,, 1s
related to the total BTU output of the chillers, and the
primary chilled water AT 1s related to the secondary chilled
water AT, so we can solve for m, as follows:

Or = Qe+ Q2+ Qe (B-13)

AT 4., - pchwflow =

pchwflow
&Tsra-:: chw " SChWﬂGW = &Tsec chw — ATﬂhW( ]

schwilow
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-continued
Or

mq =

pchwflow ]

Cehw ™ AT-:: W
" " [ schwflow

Now, since

Q7

Cchw

( pchwﬂﬂw] .

schwflow

are constant under steady-state load conditions, we can
finally write the expression of chilled water pump power for
the entire system as follows:

P oimp,1 = Ppump,t + Ppump2 + Ppump 3 + P pump 4

1 1
+ K, m +
ATﬂhW ] g P:z( ATChW ]

1 | 3
K HIN + K HIN
g F',?’[ ATﬂhw ] g P,4( &Tﬂhw ]

(B-14)

= Kpﬂmp,l[

1 3
— (AT . ] ' (Kpnmp,l + Kpﬂmp,Z +

Kpﬂmp,?r + Kpump A )

APPENDIX C

Derivation of the Air Handler Component of the Total Power
Generic Derivation

For a generic chiller plant such as that shown 1n FIG. 1,
if we were to extend the technique 1n Appendix B to air
handler fans, we know the following relationships:

From the basic fan power equation, for any given fan load
we have:

CFM - p

Pﬁm — (C_l)
635611 1l

=K, -CFM-p

where: P, =Power consumption of the air handler in KW
p=total pressure rise across fan in"H,O

n~tan ethiciency

™

1 ,..=fan motor efficiency

6356=conversion constant

[n Eqn. C-1, we have assumed 1, and 1, to be constant
for a given steady-state load condition. From Bernoulli’s
Eqn, we can derive:

CFM =K, Vp (C-2)

By conservation of energy the air-side heat transfer must
equal the water-side heat transfer at the cooling coil. Assum-
ing that dehumidification occurs at the cooling coil, we must
account for both sensible and latent load across the coil.
Knowing that the wet bulb temperature and enthalpy of an
air stream are proportional (e.g. on a psychrometric chart,
wet bulb temperature lines are almost parallel with enthalpy
lines), we can write the following relationship:

4.5-CFM-Ah,,=(60x0.075)-CFM-Ah,, =Ky CFM-AT* , =
Cohw Hlcp w.ﬂTchw (C_3)
where:
AT . *=Wet bulb temperature difference across cooling

coil
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C_,..=Specific heat of water

C

60=60 min 1 hr
0.075=Density of standard air in Ibs dry air 1 ft°

Note that we have assumed that Ah_. 1s primarily a function
of the wet bulb temperature difference, AT . *, across the

coil. If we were to assume a dry surface cooling coil, Eqn.
C-3 would simplify to:

(60x0.075):(0.24+0.45w)- CFM-AT ,;, =K;-CFM-AT ,; =c'm ,,  AT=33)

where:
AT . =Dry bulb temperature difference across cooling coil

(0.24+0.45m)=Specific heat of moist air

In Eqns. C-3 and C-3a, we have also assumed that the
specific heat of water and the specific heat of moist or dry
air are constant for a given load level. This assumption 1s
valid since the specific heat 1s only a weak function of
temperature and the temperature change of either the water
or air through the cooling coil is small (on the order 5-15°
F.). Solving Eqn. C-3 for CFM and substituting the result
into Eqn. C-2, we can solve for p:

ATﬂhW
AT,

i

C-Mechyy &Tﬂhw
K; - AT,

Fiya

CFM =

]=K2'\f;

= Ky 'mﬂhw'(

&Tchw ]2
AT,

i

= P = KS ] (mﬂhw)2 (

It can be shown that the work of the pump 1s related to the
mass flow of water by the equation:

3

P = K¢ - Mepy (C-35)

pump

. _ 3
--mﬂhw—K?'\/Ppump

Substituting Eqns. C-2, C-3, and C-5 back into Egn. C-1
and simplifying, we have:

P = Ki-(K2Vp )-p = Ks - (p)""

ATﬂhW 27712
sl

i F

_ ATE‘hW .
. 3 .
_(mchw) ( AT ] }

A

_ 3
_ _(K? . i/PpHmp )3 [iigf] }
ATﬂhW ]3}

: Ppump ( AT*.

I l 3 (AT 10 Y
Koo 57 ) ()
| ATchw ATéir

i [Kfa”(aéfr ﬂ

Derivation For A Typical HVAC System

For the typical HVAC system as shown in FIG. 2, the
power consumption for the air handler fans can be derived
as follows:

(C-6)

| Ks - (Mpye)” [

Pﬁm,T — Pﬁm,l + Pﬁm,Z + Pﬁm,fi
= Ksl(p)?2 + (p2)"? + (p3)*"]

(C-7)
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-continued
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If we break down the total secondary chilled water pumping
power 1nto three smaller segments, corresponding to the
flow needs of each sub-circuit, we can write:

PPHH’IP,4 — Kéﬁmif + K;miE + Kégmij (C-8)
1y 1y 1y
— Esf'( } +KE£2'( } +KE§3'[ ]
AT AT AT 3
and substitute this into Eqn. C-7, we obtain:
Pﬁ:{n,T — Pﬁ:{n,l + Pfan,? + Pfan,?m (C_Q)

i 1 3 1 3
= | K + K’ +
_ fan,l[&?ﬂ*_ ] fan,Z[AT;EFFZ]

air,1

| 37
Kf
fan,S(&T*_ ] _

air,3

Knowing that the AT . * across each air handler fan cooling
coll must be proportional to AT_,, and knowing that the
AT _,  across each coil must be 1dentical, we can simplify

Egn. C-9as:

|
ATﬂhW

(C-10)

3
Pﬁm,T — [ ] ' (Kfan,l + Kﬁ:{n,Z + Kﬁ:{nﬁ)

What 1s claimed 1s:

1. A controller for controlling at least a cooling plant of
the type which has a primary-only chilled water system, and
the plant comprises at least one of each of a cooling tower
means, a chilled water pump, an air handling fan, an air
cooling coil, a condenser, a condenser water pump, a chiller
and an evaporator, said controller being adapted to provide
near-optimal global set points for reducing the power con-
sumption of the cooling plant to a level approaching a
minimum, said controller comprising:

processing means adapted to receive mput data relating to
measured power consumption of the chiller, the chilled
water pump and the air handler fan, and to generate
output signals indicative of set points for controlling
the operation of the cooling plant, said processing
means 1ncluding storage means for storing program
information and data relating to the operation of the
controller;

said program 1nformation being adapted to determine the
optimum chilled water delta T, ,,, across the evapo-
rator for a given load and measured delta T, utilizing

the formula:
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3K pump + K an
ATchwopr — {l/ it *

Kﬂﬂ?ﬂp

where:

K

g

=P

frurni

x(‘&Tﬂfi W)S
Kfaﬂ=Pfanx (‘&Tf:h W)S

and

P comp

ATﬂhw

Kﬂﬂ?ﬂp —

said program information being adapted to determine the
optimum chilled water supply set point utilizing the
formula:

T, T, —deltal

ws opt chiw opi

and to output a control signal to said cooling plant to
produce said T

chws opt?

said program 1nformation being adapted to determine the
optimum air delta T across the cooling coil uti-
lizing the formula:

aiy opt

AT

air opt

S00- GPM
}

— AT:: w
" { [1.08 + 4.5(0.450)] X CFM

said program information being adapted to determine the
optimum cooling coil discharge air temperature from
the measured cooling coil inlet temperature using the
formula:

T —delta T

opi cc disch

=Tcr: inlet air opt

and to output a control signal to said cooling plant to
produce said T, ; .. zisen-

2. A controller as defined 1n claim 1 wherein said program
information 1s adapted to determine the near-optimum cool-
ing tower air flow utilizing the formula:

G, 1~P,(PLR —PLR)0.25<PLR<1.0

Iwr,cap

where

G, =the tower air flow divided by the maximum air flow
with all cells operating at high speed

PLR=the chilled water load divided by the total chiller
cooling capacity (part-load ratio)

PLR, . . =value of PLR at which the tower operates at

its capacity (G,,,=1)
3,..,=the slope of the relative tower air flow (G

the PLLR function.

3. A controller as defined in claim 2 wherein said program
information 1s adapted to determine the near-optimum con-
denser water flow by determining the cooling tower elfec-
fiveness by using the equation

VCISUS

IWF

_ QIDWEF
Min(Qa,maxa Qw,ma:{)

E

where
e=cifectiveness of cooling tower
Qr:x:, ?ﬂr:IJE:mﬂI:,ﬂFF(hS?CWF_hS?i)? Slgma energy:hg?_=h

prTwEJ
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Qw? max=mGWCpW(TGWF_TWE?)
m, ,,,=lOWer air flow rate
m .. =condenser water flow rate

Y

T =condenser water return temperature

C

T ,=ambient air wet bulb temperature

and by then equating Q, .. and Q
once m, ,,, has been determined.

4. A controller as defined 1n claim 3 wherein said optimum
cooling coil discharge air temperature 1s a dry bulb tem-
perature when said T__ ;,,., and delta T, , values are dry
bulb temperatures, and said optimum cooling coil discharge
alr temperature 1s a wet bulb temperature when said T
and delta T,  , values are wet bulb temperatures.

5. A controller for controlling at least a cooling plant of
the type which has a primary-secondary chilled water
system, and the cooling plant comprises at least one of each
of a cooling tower means, a chilled water pump, an air
handling fall, an air cooling coil, a condenser, a condenser
water pump, a chiller and an evaporator, said controller
being adapted to provide near-optimal global set points for
reducing the power consumption of the cooling plant to a
level approaching a minimum, said controller comprising;:

processing means adapted to receive 1input data relating
to measured power consumption of the chiller, the
chilled water pump and the air handler fan, and to
generate output signals indicative of set points for
controlling the operation of the cooling plant, said
processing means including storage means for stor-
ing program information and data relating to the
operation of the controller;

said program information being adapted to determine
the optimum chilled water delta T, . across the
evaporator for a given load and measured delta T,
utilizing the formula:

B(K ump T Kﬂﬂ
ATE:hWDpI‘ — {1/ it d

K COmp

to calculate m_,,

W, FAX

ce irlet

where:
3
Kpump=Ppumpx(‘&Tch w)
Kfan=Pfanx (&Ta‘h W)S
and
Pﬂﬂf'ﬂ
Kmmp — i
ATﬂhw

said program 1nformation being adapted to determine the
optimum chilled water supply set point utilizing the
formula:

—deltaT

chiw opr

T

sec chws opt

T

sec chwr

x(pflow/sflow)

where

pllow=Primary chilled water loop flow, and

sflow=Secondary chilled water loop flow

and to output a control signal to said cooling plant to
produce said T

chwr opt?

said program information being adapted to determine the
optimum air delta T, _, across the cooling coil uti-
lizing the formula:
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AT

air opt

S00- GPM
}

— AT:: w "
" { 11.08 + 4.5(0.45)] X CFM

said program information being adapted to determine the
optimum cooling coil discharge air temperature from
the measured cooling coil inlet temperature using the
formula:

—deltafl

air opi

Tﬂpr cC d.isch=ch inlet

and to output a control signal to said cooling plant to
produce said T, ; .. gisen-

6. A controller for controlling at least a heating plant of the
type which has at least one of each of a hot water boiler, a
hot water pump and an air handler fan, said controller being
adapted to provide near-optimal global set points for reduc-
ing the power consumption of the heating plant to a level
approaching a minimum, said controller comprising:

processing means adapted to receive input data relating to
measured power consumption of the chiller, the chilled
water pump and the air handler fan, and to generate
output signals indicative of set points for controlling
the operation of the cooling plant, said processing
means 1ncluding storage means for storing program
information and data relating to the operation of the
controller;

said program 1nformation being adapted to determine the
optimum hot water delta T, , across the mput and
output of the hot water boiler for a given load and
measured delta T,,, utilizing the formula:

B(Khw ump T K -:m)
AThw opt — {l/ i 4
Kioiter

and to determine the optimum AT . across the heating coil
can be calculated once AT,  1s determined from the equa-
tion:
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500- GPM
)

ATEEFGPF — AThW { 1.08% CFM

7. Amethod of determining near-optimal global set points
for reducing the power consumption to a level approaching
a minimum for a cooling plant operating 1n a steady-state
condition, said set points including the optimum temperature
change across an evaporator 1n a cooling plant of the type
which has at least one of each of a cooling tower means, a
chilled water pump, an air handling fan, an air cooling coil,
a condenser, a condenser water pump, a chiller and an
evaporator, said set points being determined 1n a direct
digital electronic controller adapted to control the cooling
plant, the method comprising:

measuring the power being consumed by the chilled water
pump, the air handling fan and the chiller and the actual
temperature change across the evaporator;

calculating the K constants from the equations

P comp

K ;
&Tchw

pump = P

pump X (ATﬂhw)ga Kﬁm — Pfan X (ATﬂhw)B and K-:::::mp —

calculating the optimum AT for the chilled water from the
following formula:

3K pimp + K gan)
ATEHWDPI — il/ i f

K-::Dmp

8. A method as defined mn claim 7 further including
determining a set point for the optimal temperature change
across the cooling coil from the formula

S00-GPM

AT }
11.08 + 4.5(0.450)] x CFM

air opt

= AT cpyy {
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